Circulation Journal Official Journal of the Japanese Circulation Society http://www. j-circ.or.jp n resting normal subjects at sealevel, alveolar PO2 and PCO2 are approximately 100 mmHg and 40 mmHg, respectively. In patients with pulmonary vascular occlusive disease, there is regional hypoperfusion relative to ventilation. This is reflected in an increased physiological dead space ventilation, due to an uneven ventilation -perfusion (V/Q) relationship, that is, high V/Q mismatch. Consequently, endtidal PCO2 (PETCO2) is reduced and end-tidal PO2 (PETO2) is increased. 1 Patients with left ventricular (LV) dysfunction also have high V/Q mismatch because of reduced pulmonary blood flow despite adequate ventilation. 2,3 Thus, in these patients, PETO2 must be higher and PETCO2 must be lower, according to the severity of LV dysfunction.
n resting normal subjects at sealevel, alveolar PO2 and PCO2 are approximately 100 mmHg and 40 mmHg, respectively. In patients with pulmonary vascular occlusive disease, there is regional hypoperfusion relative to ventilation. This is reflected in an increased physiological dead space ventilation, due to an uneven ventilation -perfusion (V/Q) relationship, that is, high V/Q mismatch. Consequently, endtidal PCO2 (PETCO2) is reduced and end-tidal PO2 (PETO2) is increased. 1 Patients with left ventricular (LV) dysfunction also have high V/Q mismatch because of reduced pulmonary blood flow despite adequate ventilation. 2, 3 Thus, in these patients, PETO2 must be higher and PETCO2 must be lower, according to the severity of LV dysfunction.
In the present study, we hypothesized that in patients with LV dysfunction, PETO2 and PETCO2 measured during exercise may be better correlated with the severity of the cardiopulmonary dysfunction than that at rest. In order to test this hypothesis, we measured PETCO2 and PETO2 both at rest, at anaerobic threshold (AT) and at peak exercise. We then correlated these variables with indices of cardiopulmonary function during exercise, 4 in patients with LV dysfunction.
Methods

Subjects
The subjects were 38 consecutive cardiac patients who performed exercise testing with respiratory gas analysis at the Cardiovascular Institute between January 2007 and December
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Background: The aim of the present study was to compare the end-tidal O2 pressure (PETO2) to end-tidal CO2 pressure (PETCO2) in cardiac patients during rest and during 2 states of exercise: at anaerobic threshold (AT) and at peak. The purpose was to see which metabolic state, PETO2 or PETCO2, best correlated with exercise limitation. 2007 and whose LV ejection fraction (LVEF) was <40% on echocardiography (mean LVEF=27.3±8.8%; Table) . Patients with orthopedic difficulty in pedaling a cycle ergometer were not included in the study. The etiology of heart disease was idiopathic dilated cardiomyopathy in 20 patients, coronary artery disease in 13 patients, and valvular heart disease in 5 patients. Among the 13 patients with coronary artery disease, 11 had previous myocardial infarction. The presence of myocardial infarction was diagnosed according to the World Health Organization criteria. 5 The protocol was approved by the human subjects committee of the Cardiovascular Institute. Its purposes and risks were explained to the patients, and informed consent was obtained from each.
Methods and
Cardiopulmonary Exercise Testing
An incremental symptom-limited exercise test was performed using an upright, electromagnetically braked cycle ergometer (Rehcor, Lode, Groningen, Holland). Exercise began with a 4-min warm-up at 0 W or at 20 W at 60 r.p.m., and the load was then increased incrementally by 1 W every 6 s (10 W/min). The work rate of the warm-up exercise was selected as 0 or 20 W depending on the subject's daily activity. The electrocardiogram was monitored continuously during the exercise tests using a System ML-9000 (Fukuda Denshi, Tokyo, Japan). Cuff blood pressure was measured at rest on the cycle ergometer and then every minute during exercise testing with an automatic indirect manometer (FB-300; Fukuda Denshi). Through a rubber mask attached to the subject's face, breathby-breath O2 uptake (
, and PETCO2 were measured during the test using an AE-300S Respiromonitor (Minato Medical Science, Osaka, Japan), as previously described. 6, 7 The system was carefully calibrated before each test.
Data Analysis
Prior to any calculation of the parameters from the respiratory gas analysis, breath-by-breath data were interpolated to give second-by-second values, after which they were calculated as successive 3-s averages. A 5-point moving average of these data was then performed. The respiratory variables at rest were determined as the average of the value obtained as the subjects sat on the ergometer over a 4-min period before the start of the exercise test. Those at peak exercise were also defined as the average values obtained during the last 15 s of incremental exercise. The AT was determined by the V-slope analysis. 4,8,9 PETCO2 usually reaches its highest value and PETO2 decreases or remains at its lowest value near AT, 1 as shown in the representative subject in Figure 1 . Therefore, both PETO2 and PETCO2 at AT were measured.
The ratio of the increase in V • O2 to the increase in work rate (∆V • O2/∆WR) was calculated by a least-squares linear regression from the data recorded between 30 s after the start of incremental exercise to 30 s before the end of the exercise. 10 The slope of the increase in V
• E relative to the increase in V
• CO2 (V • E vs. V • CO2 slope) was calculated from the start of incremental exercise to the ventilatory compensation point by the least-squares linear regression. 10 The ventilatory compensation point was determined using the following criteria: (1) the ratio of V
• E to V • CO2 starts to increase after a period of decrease or stasis; and (2) PETCO2 starts to decrease after a period of stasis. When the ventilatory compensation point could not be clearly identified, the V
• E vs. V • CO2 slope was calculated from the data recorded between the start of incremental exercise and the end of the exercise. 10
Statistical Analysis
Data are presented as mean ± SD. Linear regression analysis was used to correlate the measured variables. P<0.05 was considered statistically significant.
Results
Peak V
• O2 was 16.5±5.4 ml · min -1 · kg -1 , and AT, which was able to be determined in all the patients, was 11.0±3.2 ml · min -1 · kg -1 , on average. Respiratory exchange ratio (RER) was increased from 0.87±0.10 at rest to 1.12±0.07 at peak exercise (P<0.0001). Heart rate, which was 80.6±16.0 beats/min at rest, increased to 132.6±27.1 beats/min at peak exercise (P<0.0001). Systolic blood pressure increased from 116.1±16.7 mmHg to 158.6± 29.9 mmHg during exercise (P<0.0001). PETO2, which was 111.5±4.4 mmHg at rest, decreased to 107.6±5.9 mmHg at AT (P<0.0001). Thereafter, it increased to 117.3±5.2 mmHg at peak exercise (P<0.0001 vs. at rest, P<0.0001 vs. at AT). In contrast, PETCO2, which was 33.2±3.4 mmHg at rest, increased to 37.5±5.1 mmHg at AT (P<0.0001) and then decreased to 33.6±4.8 mmHg at peak exercise (P=0.40 vs. at rest, P<0.0001 vs. at AT). There were no significant correlations between LVEF at rest and PETO2 at the 3 points, that is, at rest, at AT and at peak exercise. Similarly, there were no correlations between resting LVEF and PETCO2 at the 3 points.
The relation of peak V • O2 to PETO2 and to PETCO2 both measured at rest, at AT and at peak exercise is shown in Figure 2 . Peak V
• O2 had significant negative correlations with PETO2 at AT (r=-0.60, P<0.0001) and that at peak exercise (r=-0.33, P=0.04). In contrast, peak V
• O2 had significant positive correlations with PETCO2 at rest (r=0.44, P=0.006), that at AT (r=0.67, P<0.0001) and that at peak exercise (r=0.48, P=0.002).
Similarly to peak V • O2, AT showed significant negative correlations with PETO2 measured at AT (r=-0.52, P=0.007) and that measured at peak exercise (r=-0.38, P=0.02; Figure 3) . AT had significant positive correlations with PETCO2 at rest (r=0.37, P=0.02), that measured at AT (r=0.61, P=0.0001) and that measured at peak exercise (r=0.48, P=0.002; Figure 3) .
As shown in Figure 4 , ∆V • O2/∆WR had significant negative correlations with PETO2 at rest (r=-0.34, P=0.04), that at AT (r=-0.55, P=0.0003) and that at peak exercise (r=-0.49, P=0.002). Also, ∆V
• O2/∆WR had significant positive correla- Data given as mean ± SD or n (%) unless otherwise indicated. End-Tidal PO2 and PCO2 During Exercise tions with PETCO2 at rest (r=0.43, P=0.007), that at AT (r=0.58, P<0.0001) and that at peak exercise (r=0.51, P=0.0008). The relation of V • E vs. V • CO2 slope to PETO2 and to PETCO2, both measured at rest, at AT and at peak exercise, is shown in Figure 5 . The V
• E vs. V • CO2 slope had significant positive correlations with PETO2 at rest (r=0.55, P=0.0003), that at AT (r=0.74, P<0.0001) and that at peak exercise (r=0.59, P<0.0001). Also, the V • E vs. V • CO2 slope had significant negative correlations with PETCO2 at rest (r=-0.66, P<0.0001), that at AT (r=-0.80, P<0.0001) and that at peak exercise (r=-0.77, P<0.0001).
While PETCO2 closely correlated with PETO2 both at rest (r=-0.81, P<0.0001) and at peak exercise (r=-0.87, P<0.0001), the correlation between PETCO2 and PETO2 was strongest at the AT (r=-0.91, P<0.0001; Figure 6 ).
Discussion
In the present study, PETO2, both at rest and during exercise, correlated with 4 cardiopulmonary exercise testing (CPX) indices commonly abnormal in patients with LV dysfunction. PETO2 is higher and PETCO2 is lower in those patients with more impaired cardiopulmonary function during exercise. The AT is the metabolic state at which the correlations are best. The most likely reason is that it is the most uniform metabolic state. At rest, the end-tidal values are influenced by hyperventilation of psychogenic origin, causing variability of the end-tidal values. At peak exercise, the end-tidal values are influenced by varying degrees of hyperventilation due to varying levels of lactic acidosis.
Although we did not have control subjects in the present study, there are comparable data for the PETO2 and PETCO2 in healthy subjects measured in our previous study. 11 In the latter study, PETO2 and PETCO2 both at rest and at peak exercise (but not at AT) were measured in healthy subjects with similar age (60.3±8.3 years) using the same respiratory gas analyzer (Aeromonitor AE-300S). PETCO2 at rest and at peak exercise was, on average, 33.5 and 39.8 mmHg, respectively, in these healthy subjects. 11 PETO2 at rest and at peak exercise was 111.2 and 112.3 mmHg, respectively, in these subjects. 11 Thus, it appears that PETCO2 at peak exercise was low and PETO2 at peak exercise was high in the present patients, as compared to that reported in healthy subjects, although no difference was observed in the values obtained at rest (the means of the healthy subjects are shown in vertical lines in Figures 2-5) .
In healthy subjects, PETCO2 is slightly lower than arterial PCO2 (PaCO2) at rest, and higher than PaCO2 during exercise. 1 Figure 2 . Relation of peak oxygen uptake (V • O2) to end-tidal PO2 (PETO2) and end-tidal PCO2 (PETCO2) both measured at rest, at anaerobic threshold (AT) and at peak exercise. Vertical line, average PETO2 at rest (111.2 mmHg), that at peak exercise (112.3 mmHg), average PETCO2 at rest (33.5 mmHg), and at peak exercise (39.8 mmHg) in healthy subjects of approximately 60 years of age. 11 ( ) Mean for the present patients. Differences in mean end-tidal values are noted at peak exercise, but not at rest. V
• O2, O2 uptake. End-Tidal PO2 and PCO2 During Exercise
The arterial -end-tidal PCO2 difference, however, increases according to the degree of the V/Q mismatch. In patients with LV dysfunction, the hypoperfusion to uniformly ventilated lung (reduced pulmonary blood flow [cardiac output] relative to ventilation) during exercise aggravates the V/Q mismatch (high V/Q), leading to an increased physiological dead space fraction. 2, 3 This results in a reduced PETCO2 and, subsequently, greater arterial -end-tidal PCO2 difference. This difference becomes greater with increasing severity of heart failure. 2,12,13 PETO2 during exercise is another index obtained from CPX. It changes like a mirror image of PETCO2. The sum of PETCO2 and PETO2 is dictated by the RER. At sealevel, the sum of PETCO2 and PETO2 must add up to 150 mmHg at RER=1.0. The sum would be a little lower when RER is <1.0 and higher than 150 mmHg if RER is >1.0. This is reflected in Figure 6 , showing a plot of PETCO2+PETO2 against PETO2. In Figure 6 it can be seen that the sums are constant, averaging 145 mmHg at AT because RER at AT is normally slightly less than 1.0. At Figure 3 . Relation of anaerobic threshold (AT) to end-tidal PO2 (PETO2) and end-tidal PCO2 (PETCO2), both measured at rest, at AT and at peak exercise. Vertical line, average PETO2 at rest (111.2 mmHg), that at peak exercise (112.3 mmHg), average PETCO2 at rest (33.5 mmHg), and that at peak exercise (39.8 mmHg) in healthy subjects of approximately 60 years of age. 11 ( ) Mean for the present patients. Differences in mean end-tidal values are noted at peak exercise, but not at rest. KANO H et al.
peak exercise, the sum is >150 mmHg because RER is >1.0. Low V/Q mismatch, such as caused by airway disease, decreases ventilation in well-perfused lung. This reduces regional alveolar PO2 and PETO2. PETCO2 may be elevated depending on sensitivity of chemoreceptor control and lung mechanics. In contrast, a high V/Q mismatch resulting from low pulmonary blood flow, causes a high PETO2 and low PETCO2. 14 The precise values for determining these relations depend on the simultaneous arterial blood gas values. As demonstrated in the present study, however, PETCO2 is reduced and PETO2 is increased in proportion to the physiological impairment in patients with LV failure. This is especially evident Figure 4 . Relation of the ratio of the increase in O2 uptake (V • O2) to the increase in work rate (∆V • O2/∆WR) to end-tidal PO2 (PETO2) and to end-tidal PCO2 (PETCO2) both measured at rest, at anaerobic threshold (AT) and at peak exercise. Vertical line, average PETO2 at rest (111.2 mmHg), that at peak exercise (112.3 mmHg), average PETCO2 at rest (33.5 mmHg), and that at peak exercise (39.8 mmHg) in healthy subjects of approximately 60 years of age. 11 ( ) Mean for the present patients. Differences in mean endtidal values are noted at peak exercise, but not at rest. End-Tidal PO2 and PCO2 During Exercise for PETCO2 and PETO2 at AT and at peak exercise.
In patients with previous myocardial infarction, it has been noted that physical training increases PETCO2 during exercise, in accordance with an improved response of cardiac output during exercise. 15 Very recently, it has been shown that low PETCO2 measured during exercise predicts poor outcome in patients with LV dysfunction. 16 These findings strongly suggest that a lower PETCO2 during exercise caused by the V/Q mismatch, and additionally by a reduced PaCO2 such as at peak exercise when the subject hyperventilates in response to the lactic acidosis, is strongly related to insufficient cardiac reserve. In contrast, the clinical significance of PETO2 during exercise has rarely been reported in cardiac patients. In the present study we noted a significant correlation between PETO2 during exercise and cardiopulmonary indices. Thus, PETO2 during exercise can also be used as an index reflecting cardiopulmonary function during exercise, especially when combined with PETCO2. Figure 5 . Relation of the slope of the increase in ventilation to the increase in CO2 output (V • E vs. V • CO2 slope) to end-tidal PO2 (PETO2) and to end-tidal PCO2 (PETCO2) both measured at rest, at anaerobic threshold (AT) and at peak exercise. Vertical line, average PETO2 at rest (111.2 mmHg), that at peak exercise (112.3 mmHg), average PETCO2 at rest (33.5 mmHg), and that at peak exercise (39.8 mmHg) in healthy subjects of approximately 60 years of age. 11 ( ) Mean for the present patients. Differences in mean end-tidal values are noted at peak exercise, but not at rest. KANO H et al.
In the present study we measured peak V
• O2, AT, ∆V • O2/∆WR, and V
• E vs. V • CO2 slope from CPX, the parameters well known to reflect cardiopulmonary dysfunction during exercise in cardiac patients. 17-20 Peak V
• O2 in cardiac patients generally reflects maximal cardiac output, that is, the heart's pumping reserve. ∆V
• O2/∆WR, which reflects the rate of the increase in cardiac output during incremental exercise, is known to be approximately 10 ml · min -1 · W -1 in healthy subjects. 21 The V
• E vs. V
• CO2 slope, which ranges from approximately 24 to 34 in healthy subjects, becomes steeper in cardiac patients, according to the severity of heart failure. 22, 23 Theoretically, a steep V • E vs. V • CO2 slope during exercise is assumed to relate to a V/Q mismatch, such as an increased ratio of pulmonary dead space to tidal volume. The exercise lactic acidosis occurs at lower intensity exercise as heart disease worsens, physiologically. This is reflected in lower AT, and increase in V
• E, presumably through H+ stimulation of carotid bodies. 2 It has been reported that patients with LV dysfunction sometimes present an oscillatory breathing pattern, alternating between hyperpnea and hypopnea, which might preclude the determination of the AT point. Although the oscillatory breathing was noted in 9 out of 38 subjects in the present study, this breathing occurred only at rest and/or during mild exercise. Thus, the AT was appropriately determined using the V-slope analysis in all the subjects.
The correlations of PETO2 and PETCO2 measured during exercise (at AT and at peak exercise) with the CPX indices were stronger than those measured at rest. This might be partly due to the instability of respiration mode at rest. The correlations of PETO2 and PETCO2 measured at AT with the CPX indices, were stronger than those measured at peak exercise. This is probably due to the variable hyperventilatory state due to the lactic acidosis, which takes place above the AT. PETO2 continues to increase and PETCO2 continues to decrease above the ventilatory compensation point until peak exercise. The correlations of PETO2 and PETCO2 at AT with the V
• E vs. V • CO2 slope were stronger than those with peak V
• O2, ∆V • O2/∆WR, or with AT. These correlations suggest that PETO2 and PETCO2 during exercise are the parameters dependent on the V/Q mismatch caused by reduced rate of increasing pulmonary blood flow.
Study Limitations
In the present study we enrolled patients with an LVEF <40%, without considering the etiology of their cardiac disease. The clinical significance of PETO2 and PETCO2 might partly depend on the etiology of the disease, although the number of subjects in the present study was not sufficient to bring out disease-specific characteristics of each index. The CPX indices, such as peak V
• O2, AT, ∆V • O2/∆WR, and V • E vs. V • CO2 slope, suggest that the severity of cardiopulmonary dysfunction during exercise in the present patients was moderate, on average. In the present study, all the subjects recruited during the study period were male by chance, which might have partly influenced the obtained findings.
Conclusion
PETCO2 and PETO2 at AT, correlated with peak V
• O2, AT and ∆V
• O2/∆WR, measures of aerobic function, but best correlated with increased V
• E vs. V • CO2 slope, a marker of V/Q mismatch, in patients with LV dysfunction. PETO2 and PETCO2 at AT, obtainable without maximal effort or any computation, can be used as a prime index of impaired cardiopulmonary function during exercise in patients with LV failure. Figure 6 . Correlation between end-tidal PO2 (PETO2) and end-tidal PCO2 (PETCO2) at rest, at anaerobic threshold (AT) and at peak exercise, and the sum of PETCO2 and PETO2 at respective points. Note that most sums of PETO2 and PETCO2 (lower panels) are <150 mmHg (humidified PO2 inspired, and sum of PO2 and PCO2 expired at respiratory exchange ratio [RER]=1.0) for rest and at AT (RER <1.0), and >150 mmHg (RER >1.0) at peak exercise. End-Tidal PO2 and PCO2 During Exercise
